A method, the comparison of flow pattern distributions (CFPD), is described in which the specific representation of flow measurements for two different time periods allows a direct, quantitative interpretation of changes in the pattern. Two types of changes can be distinguished. The first is changes from one period to the next in demand consistent with the existing pattern, e.g. due to changing weather or changes in the population size. The second type is inconsistent changes which may be due to increased leakage. The method is successfully applied to drinking water distribution systems of different sizes and characteristics. Being data driven, it is independent of model assumptions and therefore insensitive to uncertainties therein which may hinder some other leakage determination methods. Because it is simple to implement and apply but nevertheless powerful in distinguishing between consistent and inconsistent changes in water demand, the method provides water companies with a way to constantly monitor their networks for possible changes in customer demand and the possible occurrence of new leakages and also check archived data for similar changes. This could render additional information about customer behavior and the evolving condition of the network from data which is usually readily available at water companies.
INTRODUCTION
Knowledge and understanding of flow patterns into drinking water supply areas are important for the proper operation, maintenance and rehabilitation of existing drinking water distribution systems and for the design of new networks.
Flow patterns may also provide valuable information about the occurrence of leaks and bursts, but this information is not always easy to distill from the data.
Leakage continues to be a problem for water companies around the world, with numbers ranging from 3% to more than 50% (Lambert ; Beuken et al. ) . The water which is lost in this way represents a financial value, but its disappearance is also undesirable from a sustainability point of view. Classically, the two main methods to determine the amount of non-revenue water (NRW; water losses including, in addition to leakage, unauthorized consumption and unbilled authorized consumption) in a supply area are the top-down and the bottom-up methods (Farley & Trow ; Wu ) . The top-down method consists of a water balance in which the registered amount of water delivered to a supply area over the period of a year is compared to the billed amount of water. The bottom-up method essentially compares the minimum flow rate during the quiet night hours into a district metered area (DMA) or demand zone or the integrated flow of a 24-h period to an estimate for the demand in this DMA or demand zone based on the number of connections (Puust et al. ) .
Developments in other transient test-based techniques for the detection of leaks and illegal connections are promising (Menicone et al. ).
A statistical approach to leak detection from night flow patterns was presented by Buchberger & Nadimpalli () . However, the literature does not contain any reports on application of the method in practice, and our own investigation of night flow data (see Figure 1) shows that, at least in the cases which were considered, the assumption in their method that the statistics of the night flow pattern follow a truncated normal distribution does not hold.
In addition to these mostly retrospective methods for determining leakage rates, several sensor based field methods for locating leaks and on-line monitoring techniques for burst detection are described in the literature.
For an overview, the reader is referred to, for example, Wu ().
In this paper, a method called the comparison of flow pattern distributions (CFPD) is presented which allows its user to compare flow patterns of arbitrary duration for an arbitrarily sized supply area and distinguish consistent from inconsistent changes in the pattern. Consistent and inconsistent changes will be defined below. The former can be interpreted in terms of changes in demand due to changes in the population characteristics (growth or shrink on longer term, holiday periods on shorter term).
The latter can be interpreted in terms of new large volume customers, new types of water use or a change in leakage.
As water companies have (access to) information about the first two (and provided their interpretations are correct), the method allows quantitative statements about the third: leakage.
The method presented here is relatively simple, not computationally intensive, independent of any model assumptions and easily implemented. Nevertheless, it provides water companies with a new tool to monitor their distribution systems on arbitrary time scale for possible changes in customer demand and the possible occurrence of new leaks. Also, archived flow data can be checked for the occurrence of new leaks which may still be present.
When looking for leaks, the CFPD method provides an alternative for the classical top-down and bottom-up methods, rendering more information with fewer assumptions. More generally, the method provides additional information about both customer behavior and the evolving condition of the network from data which is usually readily available at water companies. This paper aims to describe the basic principles of the CFPD method, illustrate its operation and the interpretation of its results with a number of simple field data sets, test its sensitivity, and discuss directions for further research and development and suggested application at water companies. 2. When the sets are not of equal length, resample the sorted curve of one of them so that the number of data points is equal for both (Figure 2(c) ). If, for example, set 1 has 5 data points and set 2 has 10 data points, interpolation of the sorted curve of set 2 is done at 0, 0.25, 0.5, 0.75, 1] . Note that it is preferable to resample the longest of the two datasets in order to reduce the amount of data. In the example shown in Note that when comparing individual day patterns to each other, stochastic effects may have a significant influence on the resulting CFPD plot, which may deviate from a linear pattern. Using a longer comparison period (e.g. a week or longer) will dampen these effects. The user is free to choose which period is put on the horizontal axis and which is put on the vertical in the CFPD plot, but this choice should be taken into account when interpreting the results. When the horizontally plotted period precedes the vertically plotted period, a > 1 and/or b > 0 corresponds to an increase in flow rate. In general, this is preferable. However, in some cases it may be preferable to plot the more recent of the two patterns on the horizontal axis, in case the latter can be considered a reference pattern for some reason and the former is deviating from it. When two datasets of the same length are compared, step 2 can be skipped and the procedure can easily be performed in an ordinary spreadsheet program.
Properties
The characteristics of the curve which is thus produced depend in a simple way on the differences between the flow patterns on which it is based. If the shape of the flow patterns is identical, the resulting curve will be a straight line (Figure 3(a) ). If the shapes are the same, but one is offset relative to the other by a constant value (e.g. a constant amount of leakage), the slope of the curve will be one but it will be offset ( Figure 3(b) ). This change is defined here as an inconsistent change, since it does not follow the existing flow rate distribution but is uniform. The corresponding offset b (unit is the same as the flow rate unit used in the input data, e.g. m 3 /h) in the CFPD-plot is equal to the offset value of the pattern, so an inconsistent change of þ40 m 3 /h in the second flow pattern compared to the first results in a factor b of þ40 m 3 /h. If the shape is the same but the pattern has been scaled by a certain value, this scale factor will be reflected in the slope a (dimensionless) of the curve (Figure 3(c) ), which continues to cross the origin of the plot. This change is defined here as a consistent change, since it does follow the existing flow rate distribution. If, for example, the water demand increases by 10% during all parts of the day, the value of a will be 1. Consistent and inconsistent changes in the water demand can be caused by several factors. Table 2 Changes in a or b which remain in the signal longer than the frame length will show up in the block analysis as blocks of similar gray tone and sign, allowing direct pinpointing of events which cause these changes. This will be illustrated below.
Data quality
The effectiveness of the CFPD method will depend on the quality of the input data. If flows into and out of tanks are derived from level meters rather than flow meters, significant errors may be introduced when transported volumes are relatively small and the surface area of the reservoir is large, resulting in very small level changes. Also, when the registered flow data are instantaneous values rather than integrated values, errors may be introduced when large variations occur between sensor readings, e.g. related to the cycling on or off of pumps. Therefore, storing and using integrated rather than instantaneous flow data is preferable.
Systematic errors in flow meters will affect coefficient b.
Random errors in flow meter readings or related to the 
RESULTS AND DISCUSSION
The method presented above is applied to a number of real life cases. In addition to this, a number of synthetic tests are performed to determine the sensitivity of the method. 
Case 3: A small supply area
The third case presented is a special one in that it consists of only ∼70 connections, including houses, agricultural customers and an abbey which is a tourist attraction. 
in which Q l (t) is the leakage rate as a function of time t, K a constant which is defined for an individual leak, P(t) the local pressure as a function of time and α an exponent, the value of which is usually assumed to be close to 0.5 but may be higher in some cases (Greyvenstein & van Zyl ; Wu ) . In order to test its effect on CFPD-curves, a pressure dependent leakage is added to a measured data set. This measured set is a 1 month pattern with a 1 min measuring interval and minimum and maximum observed flow rates of 32 and 366 m 3 /h, respectively (fall period of case 2). Two different pressure scenarios are applied ( Figure 11 ). The first assumes that during the morning and evening water demand peaks, pressure drops to 50 and 60%, respectively, of the reference level. In the second scenario, it is assumed that the water company actively manages the pressure and increases its value by a factor of 2 during the peak hours. Figure 12 shows the original and perturbed flow patterns and Figure 13 shows the corresponding CFPD-plots A pressure exponent of 0.5 is applied, representative of round holes and circumferential cracks (Greyvenstein & van Zyl ).
It can be clearly seen from Figure 13 that the significant variations in pressure prescribed in the two scenarios have a quite small effect on the CFPD-curves.
The corresponding fit parameters are listed in Table 3 and they support this conclusion. The nominal added leakage rate of 50 m 3 /h is recovered to a large degree. It should be noted that it is overestimated in the first scenario, which has a pressure reduction during peak hours, and underestimated in the second, which has a pressure increase during peak hours.
This test is in fact a simplification of the actual situation in a distribution network. Variations in the demand during the day and variations in the input pressure at the pumping station cause the pressure variations at individual leaks to depend on their location in the network. For example, in the case where pressure is increased during peak hours, a leak close to the pumping station may have a higher leakage rate during peak hours due to the higher pressure at the pumping station, whereas a leak far from the pumping station may have a lower leakage rate at the same time due to the lower local pressure related with the high demand at that time. Table 4 (test 7), the effect on the fit parameters is minimal and rapidly drowned by added noise.
Note that in all cases, the coefficient of determination R 2 of the fit is above 0.99. Processing and stability of long time series
A block analysis has been performed for a selected period of 8 weeks of the case 1 data (see Figure 14 ; data have been aggregated to one measurement per 15 min to reduce computation times). Figure 15 shows cross tables in which (as described in the Methods section) the magnitude of parameters a (Figures 15(a) and ( is that the significant deviation of b can already be seen in an analysis on a single day basis. One can speculate that in a less clean, more noisy dataset, a single day might not be sufficient.
Interpretation of consistent and inconsistent changes
Interpretation of the results of the pattern distribution comparison can only be done with some knowledge of the operation of the supply area. More specifically, for any change, consistent or inconsistent, an explanation must first be found in terms of things that are known to have happened in the supply area (see Table 2 ). These range from a holiday period resulting in a temporary shift and decrease of the morning demand peak (see the slight deviation in the upper right part of Figure 6 , which is related to the autumn school holidays) to changes in the operation of a large industrial client. Also, it is important to know the con- Consistent and inconsistent changes which cannot be explained from the knowledge of the supply area and its operation can possibly be ascribed to new leakages and require further investigation, e.g. in the field using noise correlators.
Suggestions for further research and development
A more detailed study on the sensitivity of the presented method to high exponent pressure dependencies of specific types of leaks, as well as the sensitivity of the method to 
Suggested implementation at water companies
In its current form, the CFPD method and CFPD block analysis can be applied by water companies to study their archived data for changes in demand and possible leakage. 
